Abstract-The capability of noninvasive and precise micromanipulation of sensitive, living cells is necessary for understanding their underlying biological processes. Optical tweezers (OT) is an effective tool that uses highly focused laser beams for accurate manipulation of cells and dielectric beads at microscale. However, direct exposure of the laser beams on the cells can negatively influence their behavior or even cause a photo-damage. In this paper, we introduce a control and planning approach for automated, indirect manipulation of cells using silica beads arranged into gripper formations. The developed approach employs path planning and feedback control for efficient, collision-free transport of a cell between two specified locations. The planning component of the approach computes a path that explicitly respects the nonholonomic constraints of the gripper formations. The feedback control component ensures stable tracking of the path by manipulating the cell using a set of predefined maneuvers. We demonstrate the effectiveness of the approach by transporting a yeast cell using four different types of gripper formations along collision-free paths on our OT setup. We analyzed the performance of the proposed gripper formations with respect to their maximum transport speeds and the laser intensity experienced by the cell that depends on the laser power used.
I. INTRODUCTION

M
ANY experiments in biology and biophysics concerning: 1) cell-based screening; 2) studying environmental effects on the behaviors of cells; 3) studying mechanical properties of cells; and 4) cell diagnosis for therapy, etc., require manipulation of cells at different population scales to form cell assays. For example, the experiments pertaining to cell diagnosis involve sorting large groups of cells. On the other hand, single-cell manipulation is needed when studying mechanical properties of individual cells. There is no single manipulation technique that would be usable at all scales. Rather each technique has its own operating niche.
Microfluidics [1] , [2] , electrophoresis [3] , gradient-based centrifugation [4] , acoustics [5] , magnetically actuated manipulation [6] , AFM [7] , and Optical Tweezers (OT) are among some of the common techniques used for cell manipulation.
Due to the precise position control and non-contact nature of manipulation, OT has been successfully used in various single-cell manipulation operations (e.g., such as rotation, stretching, and transport). It utilizes a highly focused laser beam to manipulate objects (with size scale ranging from few nanometers to few tens of micrometers) being trapped at the focal point [8] . Holographic Optical Tweezers (HOT) enable generating multiple traps that allow simultaneous manipulation of multiple objects in 3D.
However, direct exposure of cells to a laser beam during OT-based manipulation may inflict photodamage that results in impaired functionality or even death of the cells. To avoid laser exposure, cells can be entrapped indirectly with thermosensitive hydrogel that can be transformed from sol-to-gel or gel-to-sol through local heating or cooling by a microheater [9] . However, thermosensitive hydrogel can only be used to immobilize the cells. The cells still need to be directly trapped to bring them close to the microheater. In another mode of indirect manipulation, cells can be attached with optically trapped functional gel microbeads, thereby they can be manipulated without a direct exposure to the laser [10] . Functional microbeads make permanent bond with the cells and thus they cannot be separated after manipulation. Arai et al. [11] used microtools that can be fabricated from an optically trappable material to indirectly manipulate cells. However, microtool-based manipulation requires special microfabrication facility together with optical tweezers.
We propose indirect manipulation of cells using gripper formations made up of dielectric beads [12] - [16] that are directly trapped by highly focused laser beams. Fig. 1 shows the transport operation of two cells. One is directly held by a laser trap while the other is indirectly gripped using six optically trapped silica beads. The wavelength of the laser is 532 nm and the laser power is set to 2 watts. After 15 s both the cells are released from the laser traps. The directly gripped cell has been disintegrated due to the high intensity laser, while the indirectly gripped cell is still alive. This is because the silica beads in the gripper protect the cell from the direct exposure to the laser. Similar experiments with polarized cells in [17] shows the advantage of gripper-based manipulation over direct trapping.
Transport of gripper formations requires simultaneous control of multiple optical traps which is time consuming and in some cases even impossible to do manually. Automated manipulation at microscale is challenging due to Brownian motion, dynamical interactions among fluid, beads, and cells, and image processing-based measurement uncertainty. In this paper, we extend our approach [18] for automated transport of grippers to indirectly manipulate cells. The sequence of operations during manipulation are as follows: 1) trapping the target gripper beads; 2) automatically transporting the trapped beads to their desired locations around the target cell [19] , [20] to form a gripper formation; 3) automatically transporting the gripper formation to the desired goal location; and 4) releasing the cell at the goal location. The desired locations in the step 2 are determined using a gripper formation generator (see Section III).
II. LITERATURE REVIEW
In this section, we will present robotic grasping, pushing, and path planning approaches, closely related to the problem of automated indirect transport of cells.
Mason [21] identified three different issues of robotic grasping. The first issue concerns the analysis that determines whether a closure applies on an object with a given set of contact points. Reuleux [22] showed that the minimum number of contacts necessary to achieve the form closure for a rigid body in dimensional space is . The second issue concerns the existence of a set of allowable contacts to provide closure on an object. Mishra et al. [23] proved that any object with any kind of rotational symmetry cannot be fully immobilized with only frictionless point contacts. Hence, only a relative form closure [24] can be achieved. The third issue concerns the synthesis that determines a suitable set of contacts to achieve a closure for an object with a set of allowable contacts. Various grasp synthesis algorithms have been proposed in [24] , [25] . Chowdhury et al. [12] synthesized a gripper configuration for manipulating a cell using HOT in . Akella and Mason [26] generated open-loop feedback plans to push a polygonal object using a fence. Balorda and Bazd [27] reduced motion uncertainty by pushing an object rather than using expensive fixtures arrangements. Lynch and Mason [28] generated a collision-free path for stable pushing of a heavy object with multiple pusher objects. Abell and Erdmann [29] used the idea of stable support to manipulate an object with a known gravitational force and a small uncertainty in its pose. Aiyama et al. [30] used as a method of automated nonprehensile manipulation. Erdmann [31] implemented a planner that generates a plan for nonprehensile orientation of an object using two palms without the use of fingers to wrap it around. Cappalleri et al. [32] used randomized motion planning techniques for planar micromanipulation tasks based on quasi-static models. Rezzoug and Gorce [33] dynamically controlled multifinger pushing operation by considering optimal force distribution and center of mass acceleration correction. Goldberg [34] generated a sequence of gripping actions in order to manipulate a part in a sensor-less setup. A similar approach was used by [35] to orient the part in any arbitrary orientation.
There is a huge potential for automated planning and control in the field of micro manipulation [36] . In order to automatically transport optically trapped objects to a desired location, Banerjee et al. [37] , [38] modeled the OT environment as a partially observable scene to account for its dynamics. The planning problem was solved using Stochastic Dynamic Programming (SDP). Despite of optimality guarantees, one limitation of SDP-based approach is the curse of dimensionality [39] . Chowdhury et al. [2] , [20] developed a heuristic planning algorithm to automatically transport cells under the influence of fluid flow inside a optical tweezers assisted microfluidic chamber. A sampling RRT-based algorithm was developed by Ju et al. [40] for automated OT-based transport of cells in 3D. Hu and Sun [41] developed a control architecture for automated transport of biological cells using OT without collision avoidance.
A summary of the literature and the main issues this paper deals with are as follows.
(i) In order to grasp an object with frictionless contacts, the form closure properties need to be satisfied. We can consider 2D relative form closure to grasp a cell since we are transporting the cell in one plane. (ii) Objects can be transported by pushing rather than grasping. Transporting a cell by pushing requires a feedback control in order to retain the beads in a formation. (iii) A collision-free path needs to be computed to generate a sequence of control actions for grippers or pushers to transport the manipulated objects. We designed a cost function [42] for the A* algorithm to generate a collision free path that minimizes the transport time of the gripper formation.
III. PROBLEM OVERVIEW AND TERMINOLOGY
A. Terminology 1) Gripper Formation:
We define a gripper formation as , where represents the position of the bead in the global coordinate system and specifies the number of beads in the formation. Fig. 2 . We classify the gripper formations into and classes based on their permitted mode of transport. The gripper formations with more than three beads do not need to be rotated to change their direction of transport. Hence, we call them gripper formations. On the other hand, the gripper formations with less than or equal to three gripper beads need to be rotated to ensure there are enough beads to push the gripped object towards the desired direction. This type of grippers are called because of the constraints imposed in the transport mode.
2) Gripper Formation Generator: The beads in the gripper formation are not specified manually. Instead, we designed a gripper formation generator , where the tuple includes as the position of the cell expressed in , as the angular difference between and the local coordinate system attached to the center of the cell (see Fig. 2 ), as the distance between any two beads in (assuming a regular configuration), and as the number of the beads in . For example, a tuple with both the gripper beads and cell of diameter will produce a two-bead gripper formation (see Fig. 2 (a)). Here, the distances are expressed in . The generator thus allows us to automatically construct the entire gripper configuration using fewer number of parameters which is suitable for optimization [12] . It should be noted that gripper generator can be designed by the user to create grippers to handle cells of different shapes. Table I .
5) Obstacles:
We define a set of obstacles , where represents the position of an obstacle in . The set of obstacles includes all the cells and beads in the workspace besides the beads that are part of and the cell being manipulated.
B. Problem Statement
Given a gripper formation along with a formation tuple optically held by traps , where , and randomly moving obstacles , where , compute the following.
• A global, collision-free path which consists of discrete waypoints to indirectly transport the cell using . is the total number of waypoints in . • A complete feedback control that selects appropriate maneuvers for any given gripper formation state so that the cell can reliably follow the path or return an if the current path is no longer valid due to randomly moving obstacles. In case of the , the global path is recomputed.
C. Assumptions
We have made the following assumptions.
• We approximate yeast cells and gripper beads as perfect spheres of radius and , respectively (see Fig. 4 ).
• We assume that optically trapped beads can move with the same velocity as the traps. This is ensured by choosing an operating speed using which the beads can be reliably trapped and moved by the laser traps [43] , [44] .
D. Solution Approach
We have adopted the following approach (see Fig. 5 ) to solve the problem:
• We have developed A* based global path planner to generate a collision free path that minimizes the transport time of a gripper formation between two given locations, while satisfying its motion constraints. We derive two cost functions compliant with the described holonomic as well as nonholonomic gripper formations.
• We have developed a feedback controller based on inverse kinematics to generate paths for individual traps so that the formation can follow the global path.
• We used Kalman filtering to handle measurement uncertainties.
IV. PATH PLANNING FOR GRIPPER FORMATION
We used A* based global path planner to find a collisionfree path for a gripper formation to transport a cell between two given locations. The planner recomputes the path if the workspace is changed significantly due to random motion of freely diffusing beads and cells (see Fig. 5 ).
In order to make the search for the path feasible, we discretize the state space into the discrete state that consists of grid cells of constant sizes. In this way, the planner can make only constant advancements during the search for between the initial and the goal state. The following sections present the state-action space representation and cost function for the planner.
A. State-Action Space Representation for Planning
The discrete state of a gripper formation is defined as a vector of position of the cell and the orientation of the formation at a given time step
The state space is a 3D grid with each grid cell representing a state of the formation . A control action is represented as a vector consisting of velocity of individual traps at a given time step (see 2) (2) Here, represents the velocity of th trap at the time step and is the total number of traps corresponding to each gripper beads. The dynamics of the formation is described by 3 and 4
Here, [see Fig. 2(a) ] is the unit direction vector towards the cell from the gripper bead and is the distance between them. The momentum is transferred to the cell only when the beads are in contact to the cell. Hence, is set to 0 when the cell and bead are not in contact. We imposed some constraints on the action when executing different types of maneuvers depending on the formation type to satisfy its motion constraints. For the gripper formation, the velocities of all the traps are constrained to be the same as given by 5 (5) In case of the gripper formation, the speed of all the traps is constrained to be the same , see (6) . The trap motions are constrained to be parallel to the desired direction of the cell in case of the maneuver to prevent the formation from falling apart, see (7) . Similarly, the traps are 
Here, (see Fig. 2(a) ) is the unit direction vector from the cell towards the desired waypoint that can be derived from the orientation of the gripper formation, see (9) (9) When the gripper formation takes an action at time step , it transitions from to using (10) and (11) (10)
Here, is the time spent between two subsequent time steps.
B. Cost Function
The planner iteratively expands the nodes of candidate paths in the state-space from the initial state to the goal state according to the cost function (12) Here, is the total cost estimation of a path starting from to through the state , is the optimal cost-to-come from to , and is the heuristic cost estimate from to . The formation is transported with a constant speed and thus we use the transport time as the cost estimate. The cost of a newly encountered state is computed as follows:
Here, is the transition cost from the state to . We use a general transition cost function to calculate the transition and heuristic costs as follows: (14) where and are the constant linear and angular speeds of the trap ensemble, respectively. In order to calculate , and are taken as the linear and angular displacements resulting from the execution of an action (see Fig. 6 ). For the calculation of , we take the Euclidean distance between the states and as the linear displacement , and the total angular displacement required to move from to as . During the transport along a given direction, some of the beads in the formation exert a pushing force (actuator beads) on the cell, whereas other beads prevent the cell from drifting out of the ensemble. For the formations and , there are enough actuator beads to be able to push the cell in any direction. Hence, they do not need to be rotated to change the transport direction of the formations, while they need to be rotated for formations and to be able to orient the actuator beads along the direction of the transport. Therefore, we do not consider the rotation for in (14) . The resulting cost function can then be divided into a cost function for the gripper and a cost function for the gripper.
V. FEEDBACK CONTROL FOR GRIPPER FORMATION
The maximum operating speed of a particular gripper formation to transport a cell to a given goal location needs to be determined. With the increase of the speed, the formation tends to break down gradually due to Brownian motion and drag force. Hence, we need a feedback controller that retains gripper beads in the formation if they get deviated for more than the maximum specified distance. In each planning interval, the planner executes one of the three maneuvers: , , and (see Fig. 5 ). The positions of the gripper beads expressed using the formation tuple , that is computed using inverse kinematics, are shown in Table I . Gripper beads in and do not need to rotate in order to reach a particular waypoint. Hence, they need only two maneuvers to follow a path. In each planning time interval, the next trap positions are selected using the following algorithm: Table I ). Set , and return . (e) Based on the waypoint and the formation state , calculate the desired action . If the action requires both the and maneuvers, first select the maneuver. Calculate the desired formation state and the corresponding using the rules in Table I . Set , and return .
VI. RESULTS AND DISCUSSIONS
A. Experimental Setup and Method
We demonstrate the effectiveness of the planner using a BioRyx 200 (Arryx, Inc., Chicago, IL, USA) holographic laser tweezer platform. The platform consists of a Nikon Eclipse TE 200 inverted microscope, a Spectra-Physics Nd-YAG laser (wavelength of 532 nm), a spatial light modulator (SLM), and a proprietary phase mask generation software running on a desktop computer. The objective used is the oil-immersion Nikon Plan Apo 60x/1.4 NA, DICH. The maximum trap update is determined by the frequency of the Spatial Light Modulator (SLM) which is 15 Hz. The minimum step size is 150 nm. The feedback control is achieved with a second PC equipped with a uEye camera (IDS, Inc., Cambridge, MA, USA) for imaging the cells and beads in the workspace.
We use diameter silica beads (with the density of and a refractive index of 1. 5 ). The measurement noise in the particle positions is suppressed through the use of Kalman filtering. The objects at microscale undergo Brownian motion. In order to construct the covariance matrix for the Kalman filter, we hold the object (a bead or cell) using a laser trap and log the measured positions for 1000 time steps. The actual position of the object is determined from the position of the trap since the object gets hopped into the focal point of the laser. The update rate of SLM is about 66 ms. Since the Brownian motion of the object is suppressed by the optical trap, the covariance of the measured positions can be regarded as a metric for the measurement noise. We have calculated the measurement noise covariance matrix from the recorded positions and used Kalman filter to estimate the actual positions.
B. Simulation Results of Path Planning
In this section, we present a comparison of the required average transport time for the (i.e., either or ) and (i.e., either or ) types of gripper formations that execute two different types of paths. The paths are computed using two distinct cost functions as presented in 14 in scenes with different obstacle densities.
We use ten different levels of obstacle densities to generate the scenes. For each obstacle density level, we create 20 different scenes by randomly distributing the obstacles. For each scene, we randomly choose 100 different initial and goal states to compute trajectories. The trajectories are computed using two different cost functions as shown in 14. We record the transport time required by each formation type for execution of trajectories computed using the two cost functions. The transport time is averaged over 2000 test cases for each obstacle density (see Figs. 8 and 9 ). The gripper formations are transported with the maximum constant linear velocity of and maximum angular velocity of 0.25 rad/s. Fig. 7 shows the box plots of transport time of a gripper formation executing paths computed using two different cost functions in scenes with different obstacle densities. The average transport time (indicated using sign) gradually increases with the increase of obstacles in the scene for both cost functions. This increase is not significant for the cost function since the planner does not consider the time for rotation which is a dominant component in calculation of the total transport time. The transport time required for execution of a path computed using the cost function is less than that of the cost function. The cost function leads to the computation of a path that has less number of turns since it explicitly takes the angular transport time into account. It thus does not necessarily need to be the shortest path between and in terms of Euclidean distance in the position space. On the other hand, the cost function does not take the orientation of the gripper into account and thus leads to the computation of the shortest path in the position space. The formation does not need to rotate to change the direction of its transport. Hence, the shortest path computed using the cost function requires the least transport time for a gripper. On the contrary, the actual transport time of a gripper formation following a path computed using the cost function is less than in case of the cost function (see the plot in Fig. 8 ). The formation needs to rotate to change the direction of its transport. Hence, it is preferable to choose a path that has less number of turns, rather than choosing the shortest path in the position space to minimize the total transport time as well as maintain stability.
C. Experimental Results
We demonstrate the effectiveness of the planner in transporting a yeast cell with different types of gripper formations (see Section V) towards a specified sequence of waypoints by running experiments on our OT setup. The waypoints are generated by the A* based path planning algorithm presented in Section IV. The waypoints are denoted as and the initial and final location of the gripper is denoted as and , respectively. Each formation successfully follows the waypoints, while transporting the gripped cell. Fig. 9 shows the selection of different maneuvers by to follow three waypoints including the goal in a challenging scene with obstacles. In these experiments, the complexity of the obstacle scene is limited by the allowable dimension of our OT workspace as well as the size of the gripper formation. The formations with two and three beads 1 use the same set of maneuvers to follow similar waypoints. The formation is more stable than its counterpart because the extra bead prevents the gripped object from drifting out of the gripper. The planner has to invoke the maneuver intermittently to keep the cell inside the gripper formation. Fig. 10 shows a target cell being transported with through three waypoints using the and maneuvers. Due to the larger size of the formation, we can only demonstrate automated transport of the cell in a space with a single obstacle. Hence, formation is not suitable for a relatively cluttered environment. It does not require the maneuver since it does not need to rotate itself to change the direction of transport. As soon as some of the gripper beads get deviated from their desired locations beyond the user defined bead deviation threshold (see Section V), the gripper uses the maneuver to keep the traps stationary for a specified time interval so that the beads can get back to their original formation. The formation utilizes the same set of maneuvers to transport the gripped bead.
Both of the beads in act as actuators [see Fig. 2(a) ]. Hence, there is a risk that the cell will get deviated from its desired location inside the gripper when moving along a curved path. This formation is suitable for transporting the cell in a relatively cluttered environment since it requires low clearance space for navigation due to its smaller diameter. The formation [see Fig. 2(b) ] has one extra bead which always holds the cell inside the gripper. Both and need to stop and then rotate to change their direction of motion. The formation gets destabilized in case of a drastic change in the direction of transport since it has only one bead to restrict the cell from drifting out of the formation. The formations and [see Fig. 2 (c) and (d)] are much more robust to destabilization for transporting along Fig. 11 . Releasing a cell from the gripper: (a) the cell is transported to the goal using the gripper formation and (b) the cell is released from the formation by transporting the beads away from the cell. a curved path since they do not need to rotate to change the direction of their motion. Hence, the required transport time will also be less compared to the transport time of and . However, is more prone to get destabilized when moving along a diagonal direction since it can utilize only one actuator bead. Fig. 11 shows how the cell is released from the gripper formation after it reaches the desired destination. The gripper beads are transported by moving the traps away from the cell to safe locations. Once the gripper beads move away from the cell, they are released from the corresponding traps by switching off the laser. We did not observe any tendency for the gripper beads to stick to cells due to surface tension in our experiments involving yeast cells and silica beads. Hence, simply moving the beads away from the cell was adequate to release the cell. We also observed that once beads were not trapped, Brownian motion alone was adequate to keep the beads and the cells apart from each other. For manipulating sticky cells, gripper beads may need to be functionalized with appropriate coatings to reduce the adhesion to the cell.
A formation with a higher number of beads, although more stable, requires higher laser power and hence causes the target cell to be exposed to more intense laser beam compared to a formation with fewer number of beads. Moreover, it requires larger clearance space in the workspace for safe navigation. We have analyzed the performance of each gripper formations in terms of the minimum laser power required to transport a cell at a given speed without the formation falling apart. We also measured the corresponding average laser intensity experienced by the cell using the method described in [12] and [13] . We record the minimum laser power required and corresponding average laser intensity experienced by the cell for a particular transport speed setting. For each setting we run ten experiments to be statistically accurate. The results of the analysis are summarized in Table II . Depending on the sensitivity of a cell to the laser (in terms of allowable average laser intensity) and required transport speed, an appropriate gripper can be chosen based in Table II .
To provide a direct comparison between and , we have experimentally determined the maximum allowable speeds of the traps during rotation without the formation getting destabilized. We determined the maximum speed for as . Transport speeds higher than the allowable limit will position the traps closer to the cell, which results in trapping the cell before the gripper beads can move towards them even at higher laser power. To navigate through a path with the curvature of will require approximately 4 s more time than . However, will use about 40% of the laser power used by . Moreover, the formation can be utilized in denser obstacle field compared to . The formation can be useful for highly targeted experiments with less sensitive cells in a small population where reliability of transport is more important.
VII. CONCLUSION AND FUTURE WORK
In this paper, we have presented an approach for automated, indirect transport of biological cells using planar gripper formations that consist of 2, 3, 4, and 6 beads. We used A* based path planning algorithm to generate collision-free paths for the formations. We designed a cost function for the developed planner to be able to find executable paths that minimize the transport time of the formations. We have also developed a feedback controller for the gripper to select and execute appropriate maneuvers when following the paths. The maneuvers are used for determining the required trap positions for a formation and maintaining its stability.
The main contributions of this paper include the following. 1) We present a general approach for automated indirect manipulation, including rotation and linear translation, of biological cells using planar gripper formations. 2) We present a planner that computes collision-free, coordinated trajectories of individual beads in the gripper formation to allow automated transport of cells. 3) We demonstrate the feasibility of the developed approach and present results of performance evaluation in terms of transport speed, required laser power, and laser intensity exposed on the cells. In the future, we will consider dynamical interactions between a cell and gripper beads by developing a model predictive control to increase the robustness of the cell transport. The gripper formations reported in this paper are evaluated only by transporting spherical cells. In general, cells can be of arbitrary shapes. We will synthesize gripper formations to transport cells of irregular shapes as introduced in [12] for spherical cells.
